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Step-cooling resulted in a severe loss of toughness (approximately 50 pct reduction), without loss in strength, concurrent with a change in fracture mode from microvoid coalescence to intergranular. Using Auger spectroscopy analysis, the embrittlement was attributed to the cosegregation of alloying elements (Ni and Mn) and impurity elements (P and Si) to prior austenite grain boundaries. Prior temper embrittlement gave rise to a substantial reduction in resistance to fatigue crack propagation, particularly at lower stress intensities approaching the threshold for crack growth (~JQ). At intermediate growth rates (10 -5 to 10 -3 ram/cycle), propagation rates in both unembrittled and embrittled material were largely similar, and only weakly dependent on the load ratio, consistent with the striation mechanism of growth observed. At near-threshold growth rates (<10 -s to 10 -6 mm/cycle), embrittled material exhibited significantly higher growth rates, 30 pct reduction in threshold AKo values and intergranular facets on fatigue fracture surfaces. Near-threshold propagation rates (and AK0 values) were also found to be strongly dependent on the load ratio. The results are discussed in terms of the combined influence of segregated impurity atoms (temper embrittlement) and hydrogen atoms, evolved from crack tip surface reactions with water vapor in the moist air environment (hydrogen embrittlement). The significance of crack closure concepts on this model is briefly described.
IT is well known that the toughness of Ni-Cr containing alloy steel can be severely reduced by the segregation and build-up of residual impurity elements (e.g. S, P, Sb, Sn, and so forth) in grain boundaries when the steel is tempered in, or slowly cooled through, the range ~300 to 550~
The result of this embrittlement is generally brittle fracture along prior austenite grain boundaries, although intergranular fracture along ferritic boundaries can also occur. 2,3 The loss in toughness can result primarily from two types of thermal treatments: i) tempering of as-quenched alloy steels in the range 250 to 450~ ("tempered martensite" or "500~ '' or "350~ '' or "one-step temper" embrittlement), 4"~ and ii) holding or slow cooling alloy steels, previously tempered above 650~ in the temperature range 550 to 350~ (temper embrittlement). ~-e This "micro-pollution" of interfaces with impurities, resulting from such treatments, can also degrade other fracture properties in alloy steels. Resistance to fatigue crack propagation at high growth rates > -4 . . ( 10 mrn/cycle) is often sigmficantly reduced by prior temper embrittlement, involving the occurrence of brittle intergranular cracking during fatigue ROBERT O. RITCHIE is Assistant Professor, Department of Mechanical Engineering, Massachusetts Institute of Technology, Cambridge MA 02139, formerly with the Lawrence Berkeley Laboratory, University of California in Berkeley.
Manuscript submitted December 13, 1976. striation growth. 7 Creep rupture ductility has similarly been observed to be severely impaired by the presence of impurities.a The deterioration in fracture properties can be even more pronounced when environmentally-induced fractures, particularly those involving hydrogen, are considered. In commercial HY130 steel, for example, the susceptibilities to stress corrosion cracking in sulfuric acid, ~ and hydrogen-assisted cracking in gaseous hydrogen, ~~ are significantly increased when the material is heattreated to induce temper embrittlement. Similar effects have been seen with embrittled 4340 steel tested in hydrogen ~~ and hydrogen sulfide. ~1 Clearly a strong interaction exists between hydrogen-and impurity-induced embrittlement. Both forms of embrittlement generally lower the grain boundary strength, increasing the tendency for intergranular fracture around prior austenite grains. The dependence on matrix hardness is similar in both cases, and, furthermore, the 'tramp' elements that lead to temper embrittlement through segregation to grain boundaries also stimulate hydrogen absorption by the metal by acting as recombination poisons for atomic hydrogen, x2
The present study was instigated to examine the possibility of an effect of prior temper embrittlement on fatigue crack propagation in humid air at extremely low growth rates (<10 -5 to 10 -6 mm/cycle) approaching the threshold stress intensity (AKo), below which fatigue crack growth cannot be detected. A quenched and tempered high strength steel (300-M) was chosen for the investigation, since hydrogen embrittlement has been generally regarded as the primary mechanism of environmental attack during fatigue crack growth in such steels in the presence of moisture. ~3
EXPERIMENTAL PROCEDURES
The 300-M steel used for the study was of aircraft-quality (vacuum-arc remelted), received as hot-rolled bar in the fully annealed condition. The composition in wt pct is shown below: The material was austenitized for 1 h at 870~ and quenched into agitated oil, yielding a prior austenite grain size of 20 #m. Subsequent tempering was performed at 650~ for 1 h. One-half of the material was oil quenched after tempering; the other half was taken through a step-cooling procedure of holding for progressively longer times at decreasing temperatures through the temper embrittlement range. The specific details of the two heat-treatments are shown schematically in Fig. 1 . The resulting structures are hereafter referred to as unembrittled (oil quenched) and embrittled (stepcooled) respectively.
The loss in toughness which resulted from the embrittling treatment was assessed using plane strain fracture toughness (Kic) tests at room temperature, using 25.4 mm thick 1-T compact tension specimens. The Kic value for the unembrittled structure was found to be invalid with respect to ASTM standards, and accordingly an estimate was computed using an equivalent energy procedure at maximum load. 14 A further estimate was derived by measuring an approximate JIc value, at initiation of fracture, is detected using the electrical potential technique. Uniaxial tensile properties at ambient temperature were performed using 25.4 mm gage length tensile bars, and cyclic stress-strain data determined from 12.7 mm gage length bars, cycled under strain control, using the incremental-step procedure. 16
Fatigue crack propagation tests were conducted on 12.7 mm thick 1-T compact tension specimens, cycled, with load control, on a 100 kN electro-servohydraulic MTS testing machine under sinusoidal tension at load ratios (R = Kmin/Kma x) of 0.05 and 0.70, where Kmax and Kmi n are the maximum and minimum stress intensities during each cycle. The cyclic frequency was maintained at 50 Hz. The test environment was laboratory air maintained at a constant temperature of 23~ and a constant relative humidity of 45 pct. Continuous monitoring of crack length was achieved using the electrical potential method, 17 capable of measurement to within 0.1 mm of absolute crack length, and of detecting changes in crack length of the order 0.01 mm. Numerical differentiation of curves of crack length vs number of cycles was employed to determine crack growth rates, the data being curve-fitted using finite difference and incremental-step polynomial procedures. 7
Threshold stress intensities for crack growth (AKo) were calculated in terms of the alternating stress intensity (AK = Kma x -Kmi n ) at which no growth could be detected within 107 cycles. Since the crack monitoring technique is accurate to at least 0.1 mm, this corresponds to a maximum crack propagation rate of 10 -8 mrn/cycle (4 • 10 -1~ in./cycle). To minimize residual stress effects, thresholds were approached using a successive reduction in load (of not more than 10 pct reduction in Kma x at each step) followed by crack growth procedure. Measurements were taken, at every load level, over increments of crack growth of 1 to 1.5 mm, representing at least 100 times the maximum plastic zone size generated at the previous load level. Higher growth rate tests were performed under continuous constant load conditions to yield fatigue crack propagation rates spanning six orders of magnitude. Plane strain conditions* were maintained in all fatigue tests, *Based on the criterion that B and a > 2 5 (Kmax/Oy) 2, where B IS the specimen thickness, a the crack length and oy is the yield strength. except where Kma x exceeded 80 MPa~mm.
The grain boundary composition of embrittled samples was analyzed using Auger spectroscopy to determine the presence and approximate concentrations of segregated impurities. This was carried out by the late Dr. H. Feng of the NSF Materials Research Laboratory at the University of Pennsylvania. Specimens were fractured at ambient temperature inside the Auger system under a vacuum of ~10 -11 Torr (10 -s Pc), and examined using a primary electron beam of 500 #m spot size. Scanning electron microscopy was employed to characterize the fracture morphology of all specimens. l132-VOLUME 8A,JULY 1977
